Introduction
It has been long understood that the introduction of pollutants such as metals and nutrients into natural water bodies can be detrimental to the aquatic environment. During the 1950s, as advances in aquatic ecology coincided with increased industrialization and urbanization, it became evident that warm water discharges could also impair aquatic ecosystems (Langford, 1990) . Thermal pollution was especially a concern in cold water environments inhabited by fish such as trout and salmon. While most industrial cooling processes have since been modified to limit their thermal discharges to surrounding water bodies, non-point sources of thermal pollution continue to potentially affect aquatic environments.
Suitable water temperatures are crucial to a number of important physiological and behavioral functions in fish and other aquatic organisms. Elevated water temperatures -especially sudden spikes in temperature above 32º C -can be lethal to resident organisms that cannot move to avoid them. Sublethal effects of elevated water temperature can influence feeding behavior, metabolic rates, reproductive behavior, and resistance to disease. Warm water can hold less dissolved oxygen, adding another stress on aquatic life. Although lethal water temperatures can vary based upon a number of factors, there is evidence that trout and salmon avoid water temperatures above 21º C, likely due to the onset of stress or damage caused by higher temperatures (Coutant, 1977) . The full effect of thermal pollution on an aquatic environment is difficult to predict due to the complex interactions within the aquatic ecosystem, where North Carolina is home to Brown Trout (Salmo trutta), Brook Trout (Salvelinus fontinalis), and Rainbow Trout (Oncorhychus mykiss) and contains more streams capable of supporting these species than any other state in the Southeastern United States. In North Carolina, trout are found primarily in the western part of the state (Figure 1 ). In addition to their ecological role, fish serve as an important part of the economy. In North Carolina, more than $1 billion is spent on fishing related activities each year, with an estimated 173,000 anglers fishing for trout (U.S. Dept. of Int., 2001).
Runoff from urban and other developed areas can raise temperatures in adjacent surface waters. Especially during the summer months, pavement absorbs large amounts of solar radiation and can be heated to temperatures in excess of 60° C (Asaeda, et al. 1996) . Other aspects of the urban environment, including removal of shade and decreased evapotranspiration due to elimination of vegetation, contribute substantially towards elevated surface temperatures. During a storm event, runoff flowing over heated pavement can absorb this heat and transfer this thermal energy to other parts of the watershed, including rivers and creeks. Due to the thermal properties of asphalt, much of the absorbed heat is concentrated near the surface. During a storm, this surface heat is rapidly transferred to runoff, leading to initial runoff temperature spikes and subsequent cooling. Because runoff flows are increased with urbanization and total thermal energy is dependent on both temperature and flow, the impact of heated stormwater runoff to creeks and other receiving water bodies can be substantial.
Although an understanding of temperature gradients in stormwater BMPs is still emerging, thermal stratification within natural ponds and soils has been studied for many years. Air temperatures, wind speed, vegetation, and interactions between the water and surrounding soil have all been shown to affect thermal stratification within ponds (Dale and Gillespie, 1976; Moss, 1969) . In a study into the effects of warm irrigation water on temperatures within the soil column of an agricultural
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field, it was found that warm water had little impact on soils at greater depths because the infiltrating water quickly cooled to the temperature of the surrounding soil, providing some insight into the potential effect of bioretention areas (Wierenga et al., 1970) .
With the proliferation of stormwater BMPs across the country, it is important to understand their effects on all aspects of water quality. One contaminant that has not been historically considered in BMP design is thermally polluted stormwater runoff. Due to the function of stormwater BMPs to capture, treat, and release stormwater runoff into natural water bodies, the potential to affect runoff temperatures is evident. However, few studies have examined the effect that stormwater wetlands and wet ponds have on the temperature of runoff. It has been shown, for example, that the effluent temperature from a wet pond can be warmer than that of the incoming runoff due to solar radiation captured by the pond (Kieser et al., 2004) . It has also been observed that water at the surface of a wet pond is warmer than water at a depth of 1 m, but moderate winds and inflows reduce this temperature difference (Van Buren et al., 2000) . Research on the effects of bioretention practices on water temperature is quite limited.
The goals of this study were to determine the influence of several popular stormwater BMPs on runoff temperature, identify which stormwater BMPs can effectively reduce runoff temperature, and propose design criteria that support water temperature reduction.
Methods
A study conducted by the Biological and Agricultural Engineering Department at North Carolina State University during the summers of 2005 and 2006 examined the effect of urban stormwater BMPs on runoff temperature in Western North Carolina. The monitoring sites consisted of a stormwater wetland, a wet pond, and four bioretention areas. Bioretention areas were a particular focus because little was known about their effects on runoff temperature. Remote monitoring equipment was installed at each site and used to measure temperatures at all major inlets and outlets, the ambient air, receiving creek, and various locations within the BMPs on a 5 minute interval. A combination of HOBO ® 4-channel loggers with attached thermistor temperature sensors, as well as HOBO ® Water Temp Pro submersible temperature loggers were installed within inlet and outlet pipes and shielded from direct solar radiation. At the stormwater wetland, wet pond, and one bioretention area, thermistor temperature sensors were installed at evenly spaced intervals within the water and soil columns to observe temperature gradients within the BMP. Identification of such gradients was expected to be useful in identifying potential modifications to the BMP outlet structures to improve thermal performance.
Results and Discussion

Pavement Runoff
Mean runoff temperatures leaving the pavement surfaces at all monitoring sites were significantly (p<0.05) warmer than 21° C during the summer months of June, July, and August. With these water temperatures elevated above acceptable levels for trout, there was potential for the direct discharge of this runoff into a cold water creek environment to negatively impact trout populations. Runoff temperatures were normally highest at the beginning of a storm and subsequently cooled in conjunction with the cooling pavement ( Figure 2 ). For most of the analyzed storms, rainfall in excess of 2.5 cm did not result in additional cooling.
Storms yielding the highest runoff temperatures typically occurred in the late afternoon, because pavement surfaces had accumulated heat throughout the day; however, runoff temperatures above 21° C were encountered at all times of day. While not the focus of this research, increases in stream temperature were often observed during times of rainfall, likely due to the effect of thermally polluted runoff throughout the watershed ( Figure 3 ).
In response to research into the urban heat island effect, many management practices have been identified to reduce ground surface temperatures, such as shade provided by mature trees and light-colored paving surfaces. Preliminary results from this study indicate that parking lot shading from a tree canopy resulted in lower runoff temperatures; however, further analysis is needed to quantify this reduction. Also, no substantial differences in runoff temperatures were observed between a parking lot covered with a light colored chip seal, installed to minimize heating by solar radiation, and a nearby standard asphalt parking lot.
Stormwater Wetland
The stormwater wetland under study was located in Asheville, NC and covered an area of 724 m². An estimated 70% of the wetland surface area was shaded by vegetation, such as Woolgrass (Scirpus cyperinus), Pickerelweed (Pontederia cordata), and Soft-stem Bulrush (Schoenoplectus taberaemontani) (Figure 4 ).
Mean outflow temperatures from the stormwater wetland were significantly (p<0.05) warmer than inflow temperatures over the entire monitoring period; effluent temperatures were significantly (p<0.05) above 21°C during the peak summer months. As the wetland drained after a storm, effluent temperatures for the months of June, July, and August were 22.8°C, 24.6°C, and 23.1°C, respectively. Even though the majority of the stormwater wetland was shaded by vegetation, the BMP apparently served as a source of thermal pollution.
With the current outlet drawing water from the surface of the wetland, the possibility of drawing cooler water from depths below the surface was examined. During the summer, water temperatures were coolest at the bottom waters of the stormwater wetland and were also least affected by fluctuations in weather near the surface (Figure 5) . During large storm events exceeding 2.5 cm, water at all depths within the wetland cooled and sometimes would not return to antecedent temperatures for several days.
Not only was the water at the base of the wetland typically coolest but during the months of May, June, September, and October, this water was significantly (p<0.05) cooler than 21°C. Because these temperatures were below the upper avoidance temperature for trout, there is evidence that implementation of a modified outlet structure that draws water near the bottom waters of the wetland could reduce or eliminate thermal pollution impacts during these time periods. The difference in temperature between the wetland bottom waters and all other depths can likely be attributed to not only thermal stratification within the water column but also the proximity to the soil below the wetland. The soils surrounding the wetland are not easily subjected to changes in temperature, making thermal exchanges between the water at the bottom waters of the wetland and soil below likely responsible for both the limited fluctuations and cooler temperatures at that depth. Although specific flow reductions could not be quantified, several small storms (< 0.5 cm precipitation) during the monitoring period were completely captured without discharging water from the outlet structure, effectively eliminating any downstream thermal pollution impact. 
Wet Pond
The monitored wet pond was located in Lenoir, NC, and collected runoff from a large commercial asphalt parking lot. The wet pond received essentially no shading from surrounding trees or vegetation, but was covered by substantial amounts of algae for much of the monitoring period ( Figure 6 ).
Leaks in the outlet structure caused this wet pond to constantly discharge water from the outlet and lowered the normal pool elevation below what was intended in the design. Effluent temperatures from the wet pond never dropped below the 21° C threshold during the summer months, indicating that this system was constantly discharging water that could be hazardous to trout populations. The maximum effluent temperature of 29.2°C was recorded in July, and was warmer than 86% of the recorded runoff temperatures during that month. From May through September, the mean temperature of the wet pond effluent was significantly (p<0.05) warmer than water entering the system. Also, despite cooler inflow temperatures, the temperature of effluent from the wet pond was significantly (p<0.05) warmer than effluent from the stormwater wetland. Although the pond was able to reduce peak flows and likely reduced concentrations of other pollutants, it served as a substantial source of thermal pollution. As storms progressed, effluent temperatures from the wet pond decreased, as cooler water entered the system. Similarly, water temperature within the wet pond cooled during the course of a storm and approached the temperature of the coolest water near the bottom.
Water temperatures varied significantly (p<0.05) with depth over the entire monitoring period, with the warmest water during the summer near the surface, similar to the stormwater wetland water column. Even at the bottom of the wet pond, mean water temperatures were significantly (p<0.05) warmer than the 21° C threshold during June, July, and August. While a modified outlet structure that draws water from the bottom of the water column could yield lower effluent temperatures than the present structure, the effluent would still be warm enough to potentially impact trout populations.
Bioretention Areas
Four bioretention areas were monitored during the study. Two of the cells were immediately adjacent to each other in a shopping center parking lot in Brevard, NC. One of the bioretention areas was located in Lenoir, NC, near the monitored wet pond. The most intensely monitored bioretention area was located in Asheville, NC, near the monitored stormwater wetland. Monitoring began at this 45 m² bioretention area immediately following construction in 2005.
During the summer, soil temperatures were coolest at the bottom of the Asheville bioretention area (Figure 7) . The soil temperature 120 cm below the surface did not fluctuate substantially in response to weather changes near the surface. However, the temperature of soil 30 cm below the surface did exhibit substantial diurnal fluctuations and was sometimes warmer than the temperature of incoming runoff. As stormwater infiltrates through a bioretention area, it equilibrates with the temperature of the surrounding soil. Consequently, these warm soil temperatures near the surface indicate that a bioretention area without adequate soil depth could serve as a source of thermal pollution as infiltrating runoff water could pick up heat from the warmer upper soils. In a deep bioretention area, although water may be heated initially, it will cool as it infiltrates through the remainder of the soil profile and is collected by the underdrain network. Similar problems arise if a bioretention unit is not properly sized to capture the first flush. If stormwater is able to bypass the bioretention area early in a storm, it will not only convey heat from the parking lot surface, but also from the warm bioretention surface soil to a receiving water body. If the bioretention area is designed to accept the first flush, any subsequent runoff bypassing the bioretention area through an overflow structure will not be as heated because the parking lot and soil surfaces will have given up much of their heat to previous runoff. Although underdrain effluent from the bioretention areas was typically cooled below the temperature of the incoming runoff, it still often exceeded temperatures of 21° C, indicating that although the BMP did not serve as a source of thermal pollution, neither did it eliminate thermal pollution concerns.
Effect of Conveyance in Buried Pipes
During the peak summer months of June, July, and August, water temperatures were significantly (p<0.05) cooler than surface runoff after traveling through a buried metal pipe to the stormwater wetland and a buried concrete pipe to the wet pond. At times differences in maximum temperatures between the inlet and outlet of the buried metal pipe exceeded 6° C. Because water within the stormwater wetland and wet pond was typically warmer than the inlet water that had been cooled by these pipes, temperature reductions due to conveyance in the buried pipes did not have an immediate impact on effluent temperatures. A decrease in effluent temperatures as storms progressed can likely be attributed in part to this cooler water mixing throughout the water column during the course of a storm. In order for the thermal benefits of conveyance in buried pipes to have a direct impact on effluent temperatures, conveyance should be incorporated after water has been treated by the wetland or wet pond. While it may not always be practical or economical to install buried pipes solely for the purpose of runoff temperature reduction, the value of such a conveyance should be recognized when it exists.
Conclusions and Recommendations
Monitoring results have indicated that thermal impacts from stormwater runoff may be reduced when consideration for thermal pollution is incorporated into BMP design. Employing standard design practices, bioretention areas appear to be the only type of BMP capable of reducing runoff temperatures, given a soil depth of at least 4 feet; however, effluent temperatures may still be elevated above temperatures suitable for trout. The effluent temperatures of wetlands and wet ponds are governed in great part by ambient air termperatures. It is therefore difficult using standard design guidance to reduce effluent temperatures below those of average air. For stormwater wetlands and wet ponds, some type of modified outlet structure that draws water from the cooler bottom waters appears to be necessary to prevent runoff temperature increases and possibly reduce temperatures. These modified outlet structures could consist of perforated pipe along the bottom of a wetland or wet pond, surrounded by a gravel envelope, and connected to the outlet structure at the normal pool elevation with non-perforated pipe (Figure 8 ). While this type of outlet structure should reduce effluent temperatures during the summer months, it raises maintenance concerns with the potential for clogging and water quality concerns with the potential for higher TSS and other pollutant concentrations at the base of the water column. modifications in the field, assessment of the net effects of flow reductions achieved by BMPs on thermal pollution, and measurement of the cumulative effect of BMPs across a watershed on receiving water temperature regimes are all topics in need of study. Ongoing research at North Carolina State University involves the development of a computer model to simulate the effect that urban stormwater BMPs have on runoff temperature and quantify the thermal impacts associated with urbanization in an effort to address some of these issues.
Vegetative shading should be employed within stormwater BMPs whenever possible. The lack of vegetative shading over the wet pond is likely the primary reason why water temperatures were warmer at that location than the stormwater wetland. Incorporating plants with leaves that are not in contact with the water or soil surface are expected to result in lower surface temperatures, and therefore effluent temperatures, since the space between the leaves and water or soil surface serves as additional insulation from the solar radiation effects.
It should be emphasized that flow reduction, a key design function of these stormwater BMPs, would serve as an important mitigating factor for thermal pollution. By reducing stormwater flow, even elevated effluent temperature would have a lower impact on receiving waters as the total amount of thermal energy discharged would be lower than without the BMP. Although several of the BMPs studied were identified as thermal pollution sources based on increases in water temperature, it is possible that thermal impacts to receiving creeks were reduced due to a reduction in flow.
Because runoff temperatures cool during the course of a storm, limiting effluent flowrates during the beginning of a storm, which is a main component of first flush designs, should assist in mitigating the thermal impacts from stormwater runoff. Unlike some conventional pollutants, which typically require a substantial amount of time after a storm to build up within a watershed, pavement temperatures are very dynamic and capable of contributing to thermal pollution shortly after rainfall has ceased.
With trout and other coldwater creek inhabitants serving as important components of the ecosystem and economy, it is important to consider the thermal effects of urbanization and stormwater BMPs. While able to reduce flows and concentrations of many nutrients and other pollutants, it is important to recognize that stormwater BMPs have the potential to increase runoff temperatures. Modifications to some stormwater BMPs, such as drawing bottom waters into a stormwater wetland or wet pond outlet or specifying a greater soil depth for bioretention, may help reduce the thermal impacts of BMPs on cold water environments, but additional research is needed to determine if design changes can reduce outflow temperatures below critical thresholds for cold water fish. Evaluation of proposed design (note, pages 7 and 8 have been deleted intentionally) 
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